This paper presents the development and performance capability of a comprehensive Low voltage ride through (LVRT) control scheme that makes use of both the DC chopper and the current limiting based on the required reactive power during fault time. The study is conducted on an 8.5 MW single stage PV power plant (PVPP) connected to the Rwandan grid. In the event of fault disturbance, this control scheme helps to overcome the problems of excessive DC-link voltage by fast activation of the DC chopper operation. At the same instance, AC current is limited to the maximum rating of the inverter as a function of the injected reactive current. This helps overcome AC-overcurrent that may possibly lead to damage or disconnection of the inverter. The control scheme also ensures voltage support and power balance through the injection of reactive current as per grid code requirements. Selected simulations using MATLAB are carried out in the events of different kinds of fault caused voltage dips. Results demonstrate the effectiveness of the proposed LVRT control scheme.
Introduction
Grid connected Photovoltaic (PV) systems have become the most important source of renewable energy in modern power systems [1] . Previously, when PV systems were poorly diffused and the appropriate standards and industrial codes required by the distribution system operators were not in force, the focus was on R. Ntare et al.
the protection tripping when grid voltage variations occurred [2] . In [3] , studies focused on the effects of power quality issues regarding GCPSs and the protection of different topologies of PV inverter during disturbances. It was always a requirement for the inverter to disconnect directly to avoid the islanding problem [3] . Now days, with the increasing PV systems penetration levels into the power system, the disconnection with grid during disturbances is no longer feasible as it can lead to stability, reliability and operation problems [4] [5] . The technological advancement in power systems has enabled the elaboration of specific technical requirements for the connection of PV power plants (PVPPs) into the existing power grids. Fault ride through at both low and high voltages is one of the mandatory requirements of the PVPPs. Majority of the system disturbances such as faults occur at the low voltage side of the interconnected power system. Therefore, of recent the LVRT requirement has been widely developed and integrated in the modern grid codes. In compliance with the requirement the PVPP withstand grid voltage dips to a certain percentage of the nominal voltage (down to 0 in some GCs) for a specific duration as depicted in Figure 1 [1] [6] . Area A represents the nominal operating voltage at the point of common coupling (PCC), where the PVPP works continuously. Within area B, the PVPP has to withstand the voltage dip and remain connected to the system for a period of time (t o → t 1 ). Otherwise, it will be disconnected. Upon recovery of the PCC voltage in area C to V 1 within time t 2 , the PVPP remains under continuous operation without disconnection. The values of V o , V 1 , t 1 , and t 2 differ from one GC to another based on the standards and characteristics of the national grid. Several countries have developed and implemented LVRT into grid code connection requirement. In this work, the LVRT requirements for large-scale GCPSs have been adopted from the German grid code [6] . The requirement stipulates that the PVPP must not disconnect from the grid for 150 ms when the line voltage (V) drops to 0% of the nominal voltage (V n ). Furthermore, the voltage should recover 90% from its pre-fault value within 0.15 seconds from the occurrence of the voltage dip. This not only keeps the inverter connected, but also supports the grid voltage recovery through injection of reactive power. harsh power quality events due to its effects on various power system components [7] . During such events, two major problems arise i.e. the first one involves dealing with the over voltage at the inverter's DC side and an over current at the AC side while the second one deals with the injection of reactive current, considered as a solution to voltage recovery and support [8] . In the study of GCPSs, existing LVRT control strategies with dynamic voltage support (injection of reactive power), have been carried out on two-stage inverter based GCPSs. A method that applied the reactive power injection for GCPS based-on-German GC using-super capacitor energy-storage-system (SCESS) was proposed in [9] .
The SCESS is connected-to-the-system via bi-directional buck-boost converter and then to dc-link in which it provides the grid with-both-active and-reactivepower using specific control in order to support utility-grid-during-the fault. But this control not only increases the-cost-but-also-effects the reliability of the system [8] [9] . A probabilistic fuzzy neural network intelligent control to regulate and control the reactive power value under grid faults was also proposed in [10] .
The above control methods inject reactive current during voltage dips. However, the issue of power balance and inverter protection during faults is not well ad- 
Design of a Single Stage PVPP
The grid connected single-stage PV system under this study consists of different power stages as shown in Figure 2 . It includes the PV array, maximum power point tracking (MPPT) technique, the dc-link capacitors, the three phase voltage source inverter (VSI), LC filter and the step up transformer at the point of common coupling with the distribution side of the grid. Modelling of the above-mentioned power stages is explained below. Figure 3 shows an equivalent circuit of the PV module, which consist of several PV cells. The output current and voltage relationship of PV module can be expressed using the following equations [11] [12] . where
PV Module Modeling
The diode current can be expressed as follows [11] [13].
By substituting Equations (3) and (5) in (1), the load current can be written as below; ). R s and R p are the equivalent series and parallel resistance of the solar module, respectively. I ph is affected by sun irradiance and temperature. The Journal of Power and Energy Engineering R. Ntare et al.
influences of these two factors can be expressed by the following equation [14] .
I ph represents the photocurrent at nominal PV standard tests condition (STC, normally 25˚C and 1000 W/m 2 ) for temperature and irradiation. I sc is the nominal short circuit current of the module. G and G ref are the amount of actual and nominal irradiation, respectively. T is the temperature degree in kelvin and α i is the current temperature coefficient. The I sat and I sc can be obtained according to the following equations [12] . 
PV Array Sizing of the PVPP
The sizing of the proposed PV plant to generate a peak power of 8.5 MW is accomplished with 20 series modules and 1418 parallel strings. Table 2 shows the theoretical calculation results of the designed PV array at STC.
PV Control System during Normal Operation
The inverter is the most important equipment in the control structure of grid connected PV system. In this work, a voltage source inverter (VSI) is used for power conversion and control purposes. The DC-link voltage of the inverter is set at a value 719.4 V, a value equal to the maximum output voltage of the Array. This is to reduce the current ripple and regulate the voltage of the DC side of the inverter. In normal operation, the control system is as depicted in Figure 4 . System design parameters were obtained from the network operator of the system Table 2 . Theoretical calculation results of the designed PV array. under study, results are tabulated in Table 3 . The control system is made up of the current loop used to regulate the grid current and is responsible for the protection and power quality issues [15] . to get V abc . Lastly, V abc is sent to PWM signal generator to obtain switching pulses for the VSI.
Subsequently, the maximum active and reactive power flowing through the inverter can be calculated as below; ( )
The Study System: Rwandan Electrical Distribution System
The system under study is part of the of the Rwandan distribution system. In Rwanda, the distribution system as described in the Rwanda Grid Code covers a system of electrical lines with voltage from 30 kV and below [16] . The PVPP is 
Proposed LVRT Control Strategy during Abnormal Conditions
In a single-stage, three phase GCPS, the active power is controlled by regulating 
DC Braking Chopper for Excessive DC Voltage Protection
During a fault caused voltage dip, the voltage of dc-link (V dc ) increases momentarily due to sudden drop in active power supplied by the PV system [18] . This will lead to rapid increase in power output of PV system, which may cause damage or disconnect the PV inverter. To overcome this problem, the use of a dc-chopper braking circuit is proposed in this study. The DC-link braking chopper circuit as shown in Figure 8 is a simple protection scheme that operates by shorting the 
Reactive Current Injection
In order for the PV system to perform LVRT function during fault caused voltage dips, it has to inject an appropriate reactive current for the particular voltage drop. Post fault the reactive current injection has to be continued for a certain period of time depending on the grid code requirements. According to 
where V g and V gn are the amplitude values of the grid voltages during the fault and the normal conditions, respectively. During voltage dip, the inverter should inject the specified reactive power to help voltage recovery based on the LVRT requirements.
Active Current Limiting
Whenever the maximum current rating of PV inverters is exceeded, i.e. the AC current exceeds the operating AC current range and the inverter disconnects from the grid. This is a result of the increased d-components of current in the SRF during grid faults. This increase is because the controller is trying to maintain grid voltage constant and while reducing the injected active power into the grid during fault caused voltage dips. In this case, the q-components of current increase in the SRF increase for the inverter to inject reactive current in order to meet the LVRT requirements [15] . Due to the increase in the d and q components, the inverter may get disconnected from the grid by over current protection schemes. In order to overcome this issue, the active current (d-component) is limited to within the required limits. Subsequently, the d-component current is a function of the reactive current injected during the fault and the maximum current rating of the inverter as shown in Figure 10 . Equation (17) , shows the calculation applied for limiting current during grid fault occurrence. 
Verification and Simulation Results
For For the effective study of the current limiting contribution in the proposed LVRT control strategy, a single to ground fault was applied on the 15 kV distribution line for a duration of 0.15 seconds. Figure 14 and Figure 15 show the response results without and with the LVRT control strategy on the AC side respectively. It is observed in Figure 14 (b) that the output current exceeds the maximum acceptable current since it greater than the rated current by almost 40%. With the application of the proposed control capability, the output of the limiter will be restricted based on the need for reactive current injection as shown in Figure 15 (c). This helps to maintain the grid currents balanced within acceptable operating values i.e. the grid current as measured from the PCC is not greater 1.1 times the nominal inverter current (1.1I n ). This is properly illustrated in Figure 15 
Conclusion
In modern power systems, the GCPSs are designed with the capability to ride through low voltages for grid support. This paper focused on the study of the ef- 
